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Abstract There is increasing evidence that many human cancers, including breast cancer, are driven and maintained by cancer stem cells (CSCs) which mediate tumor metastasis and contribute to treatment resistance and relapse. Our group was the first to describe "breast cancer stem cells" (BCSCs) characterized by expression of the cell surface markers ESA and CD44 and the absence of expression of the marker CD24. More recently, we have demonstrated that breast cancer cells contain subpopulations with stem cell properties that can be isolated by virtue of their expression of Aldehyde dehydrogenase (ALDH) as assessed by the Aldefluor assay. Interestingly, these markers identify overlapping, but not identical cell populations. Recent studies have suggested similarities between cancer stem cells and the epithelial mesenchymal transition (EMT) state. Our studies suggest that both normal and malignant breast stem cells exist in distinct, inter-convertible states (EMT and MET), the inter-conversion of which is regulated by microRNAs. EMT-like CSCs have a mesenchymal morphology, are largely quiescent, invasive and characterized by expression of the CSC markers CD24 
CD44
+ and ALDH may represent cells in transition between these states. This transition is regulated by signals originating in the microenvironment which in turn modulate microRNA networks in the CSC populations. The existence of multiple stem cell states suggests the necessity of developing therapeutic strategies capable of effectively targeting CSCs in all of these states. In addition, since CSC states are regulated by miRNAs, these small noncoding RNAs may be useful therapeutic agents to target CSCs. 
Breast Cancer Stem Cells
With over 200,000 new cases yearly, breast cancer is the most common malignancy of women in the United States (US) [1] . The past 20 years have seen significant reductions in mortality from breast cancer in the United States and elsewhere [2] . This reduction has been largely due to improvement in early detection and the development of more effective adjuvant therapies [2] . Despite the fact that there have been significant advances in the treatment of breast cancer, the fact remains that once metastatic, the disease remains incurable. Recent studies in our laboratory, and others, have provided strong support for the cancer stem cell hypothesis which suggests that breast cancers are driven by a subpopulation of cells which display stem cell properties. These properties include self-renewal which generates other cancer stem cells and differentiation which generates populations of cells forming the bulk of the tumor. There is increasing evidence that cancer stem cells are resistant to chemotherapy and radiation therapy and, thus, contribute to treatment resistance and relapse. The development of biomarkers to identify CSCs, as well as validation of in vitro and mouse models, has facilitated the isolation and characterization of these cells from both murine and human tumors. Our group was the first to describe a subpopulation in BC that displayed stem cell properties and was characterized by expression of the cell surface markers ESA and CD44 in the absence of expression of the marker CD24 [3] . These cells have been termed "breast cancer stem cells" (BCSCs). As few as 200 ESApositive CD44
+ /CD24 -Lin -cells were able to generate tumors in immunocompromised NOD/SCID mice, whereas 100-fold more cells without these markers isolated from the same tumors were non-tumorigenic [3] . Furthermore, the tumor-initiating populations regenerated tumors that recapitulated the heterogeneity of the initial tumor [3] . We also developed an in vitro "mammosphere" assay as a means of quantitating normal and malignant stem cells [4] . More recently, we have described the expression of aldehyde dehydrogenase (ALDH) as assessed by the Aldefluor assay (StemCell Technologies, Canada) or the isoform ALDH1 by immunohistochemistry (IHC) as a means of further identifying and enriching for tumor initiating CSC populations in human BCs [5] . Interestingly, we reported that these markers identify overlapping, but not identical cell populations [5] . Furthermore, we and others have found that these markers can be utilized to isolate CSC populations from established breast cancer cell lines, as well as primary tumor xenografts [8] . The development and validation of breast cancer stem cell (BCSC) biomarkers, in vitro mammosphere formation assays, and xenograft models by our laboratory and others [3, [6] [7] [8] has permitted assessment of chemotherapy and radiation resistance of BCSCs. These studies [9] [10] [11] have demonstrated the relative resistance of BCSC to chemotherapy and radiation therapy. Furthermore, it has recently been demonstrated that the percent of BCSC as assessed either by CD44 + /CD24 low , mammosphere assays [12] or by ALDH expression [13] increases following neoadjuvant chemotherapy providing direct clinical evidence for the therapeutic resistance of BCSC. Together, these studies suggest that significant improvement in patient outcome will require the successful targeting of BCSCs.
MicroRNAs
Until recently, the function of non-coding regions of the genome was unknown. However, it is now clear that many of these regions code for microRNAs. Each microRNA is capable of regulating the expression of multiple proteins and as a result, can have very potent effects on cellular functions. The miRNA gene is first transcribed by RNA polymerase II into a primary transcript (pri-miRNA) in the nucleus, where the hairpin stemloop structure is processed into precursor miRNA (pre-miRNA) by a microprocessing complex, which includes Drosha and DGCR8 [14] . The 60-70 nt-long pre-miRNAs is exported from the nucleus [14] . Within the cytoplasm, the RNAse III enzyme Dicer processes the pre-miRNA to yield the 18-25 nt mature miRNAs which mediate gene silencing through imperfect hybridization to 3′ untranslated regions (3′ UTR) in target mRNAs [15] and modulate a variety of cellular processes including regulating m-RNA stability and proliferation, differentiation translation, microRNAs and apoptosis [16] .
MicroRNAs Regulate Cancer Stem Cells (CSCs)
Recent studies have demonstrated a link between dysregulated expression of miRNAs and carcinogenesis. A number of miRNAs have been shown to function as oncogenes or tumor suppressors during carcinogenesis [17, 18] . In addition, emerging evidence suggests that miRNAs also play essential roles in stem cell self-renewal and differentiation by negatively regulating the expression of key stem cell regulating genes [19] . Furthermore, abnormal miRNA expression may result in dysregulation of self-renewal in cancer stem cells during cancer progression [20] [21] [22] . Silber et al. reported that mir124 and mir137 induce differentiation of neural and glioblastoma stem cells and induce cell cycle arrest [23] . These results suggest that targeted delivery of mir124 and mir137 to glioblastoma cells may be therapeutically efficacious for the glioblastoma treatment. miRNA181 and miRNA17-92 clusters were shown to be up-regulated in hepatocellular carcinoma (HCC) CSCs [24] . More recently, Tang's group showed that prostate cancer stem and/or progenitor cell populations have lower levels of miR-34a and let-7b compared to bulk tumor cells [25] . In addition, they reported that miR34a targets CD44, resulting in impaired tumor growth and decreased metastases in mouse models of prostate cancer. The increased survival of mice treated with systemically delivered miR34a suggests a novel strategy to target prostate CSCs, thereby inhibiting tumor growth and metastasis [25] .
MicroRNAs and Breast Cancer Stem Cells (BCSCs)
There have been a number of studies describing a role of microRNA in the regulation of normal and malignant breast stem cells. Hannon's group showed that both mir-205 and mir-22 are highly expressed in mouse mammary stem/progenitor cells whereas mir-93 and Let7 are depleted in this population [26] . Rosen's group reported that miR-205 overexpression in mouse mammary cells led to an expansion of the progenitor cell population, decreased cell size and increased cellular proliferation [27] . More recent studies have shown that overexpression of mir-200c reduced the clonogenic and tumor-initiation activities of BCSCs and suppressed mammary duct formation by normal mammary stem cells. This occurred through the down-regulation of the polycomb gene Bmi-1, a target of mir-200c. This work demonstrated a molecular link between normal breast stem cells and BCSCs [28] . Yu et al. showed that Let7 is decreased in BCSCs and that overexpression of Let7 inhibits the cell proliferation, mammosphere formation, BCSC selfrenewal and differentiation, and tumor formation and metastasis in NOD/SCID mice [22] . These effects were shown to be mediated through down-regulation of the Let7 targets H-Ras and HMGA2 [22] . This group also demonstrated that expression of miR-30 markedly reduced BCSCs by targeting ubiquitin-conjugating enzyme 9 (UBC9) and integrin b3 (ITGB3). More complete inhibition of self-renewal and mammosphere formation of BCSCs was observed when both Let7 and miR-30 were simultaneously introduced compared to each microRNA individually [29] . The ability of these microRNAs to target BCSCs suggests that they may have significant therapeutic potential.
EMT and MET of BCSCs
Epithelial to mesenchymal transition (EMT) is involved in many biological processes including embryonic development, wound healing and cancer progression [30] . During EMT, epithelial cells lose cell-cell contacts and undergo cytoskeletal remodeling and polarity changes, resulting in acquisition of a mesenchymal morphology as well as enhanced migratory ability. Importantly, EMT is reversible and these cells can undergo a mesenchymal to epithelial transition (MET), so that polarized epithelium can be generated at a new site. Both EMT and MET play central roles in embryogenesis [30] . During development, the process of EMT is required for tissue and organ formation [31] . The EMT state has been associated with loss of epithelial characteristics including apical basal polarity and expression of ECadherin and acquisition of mesenchymal characteristics including loss of polarity and increased expression of the transcription factors slug, snail and twist and mesenchymal proteins including vimentin and fibronectin [32] . During early embryonic development, the mesoderm generated by EMTs develops into multiple tissue types, and later in development, mesodermal cells generate epithelial organs (e. g., kidney and ovary) by METs [33] . In adult tissues, TGF-β can induce EMT characterized by downregulation of epithelial markers such as E-cadherin and upregulation of EMTinducing factors, such as Twist and Snail [34, 35] . It has been proposed that EMT plays an important role in tumorigenesis and progression. Furthermore, a number of developmental pathways such as the Wnt and HGF-cMet pathways which are frequently deregulated in cancers are also regulators of EMT [36] . Both the inflammatory immune response [37] and the hypoxic tumor environment [38] induce EMT in cancers. It is increasingly recognized that EMT plays an important role in the metastasis of breast cancer [39] and other types of carcinoma [40, 41] . EMT has also been implicated in therapeutic resistance and tumor recurrence [42] [43] [44] . Since EMT is a key developmental program that is often activated during cancer invasion and metastasis, and CSCs that maintain and initiate tumors have also been implicated in invasion and metastasis, the relationship between EMT and CSCs is an important question. Recently, a number of studies have linked the EMT state to cancer stem cells. Mani and Weinberg demonstrated that acquisition of EMT is associated with expression of CSC markers such as CD24 -CD44 + and generation of tumorispheres in breast cancer models [45] . A defining characteristic of CSCs is their ability to self-renew, a property that endows these cells with the ability to initiate and sustain tumor growth. However, although the EMT state has been linked to tumor invasion and metastasis, EMT cells are largely quiescent [46] . The differences in invasive and proliferative characteristics of CSCs and EMT cells has led to the proposition that contrary to Mani, et al., 2008, CSCs and EMTs are mutually exclusive [46] .
Recently it has been suggested that expression of the cell surface markers EpCAM and CD49f can be used to define functional populations of normal mouse and human mammary cells [47] . Based on in vitro and mouse fat pad re-implantation studies it has been suggested that EpCAM + (double-positive) and expresses the CSC marker ALDH (Fig. 1a) . The existence of multiple states of cancer stem cells has also been suggested by recent studies in squamous carcinoma [49] .
microRNA Regulation of EMT-MET States of BCSCs
There is substantial evidence linking BCSCs and EMT. BCSCs isolated from primary breast tumors and metastatic pleural effusions express EMT markers [45, 50, 51] .
However, there is less evidence linking BCSCs and MET. Consistent with the expression of EMT markers by BCSCs, these cells also express EMT related microRNAs. miRNA expression profiling of BCSCs isolated from human breast tumors compared to the remaining breast cancer cells revealed high levels of expression of EMT-inducing miR-155 [28] . Furthermore, mir-200 which is downregulated in BCSCs is associated with MET [28, 52] .
Recently 
CD49f
+ cells in non-transformed MCF-10A cells as well as primary normal human mammary cells isolated from reduction mammoplasty specimens. This resulted in an increase in the proportion of CD24 -/CD44 + CSC cells with a concomitant decrease in the ALDH + CSC population (manuscript in preparation). These results suggest that mir-93, mir-100 and mir-221 may be important regulators of the transition between the EMT and MET stem cell states. We demonstrated that induction of mir-93 in EMT-like SUM159 cells induces an MET in the ALDHpositive CSC population characterized by increased expression of E-Cadherin and Claudin, and downreguation of mesenchymal genes, such as vimentin, N-Cadherin and Twist. We have found that mir-93 also inhibits TGFβ signaling by targeting TGFβR2, an effect seen within 12 h of mir-93 induction. This was followed by an EMT/MET transition in the Aldefluor-positive CSC population. Since TGFβ is a major regulator of EMT, abrogation of this signaling pathway may facilitate MET. Of interest, it has been recently reported that the mir106b-25 cluster including mir-93 is induced in the early stages of nuclear reprogramming of fibroblasts into IPS cells [53] . This is accompanied by an EMT to MET conversion in these cells which is obligatory for reprogramming to occur. This suggests that this miRNA cluster may regulate EMT to MET in multiple biological contexts. Furthermore, expression of mir-100 or mir-221 in MCF10A cells and several cancer cell lines resulted in a decrease of the ALDH-positive CSC population with a concomitant increase in the CD24 -CD44 + population accompanied by induction of EMT. We demonstrated mir-100 effects are mediated by targeting BMPR2, SMARCA5 and SMARCD1, all of which may contribute to induction of EMT. The existence of reversible alternative states of CSCs provides an explanation for the seemingly disparate hypothesis concerning the relationship between CSCs and EMT. We propose that CSCs may exist in either EMT or MET states, the inter-conversion of which is regulated by the microenvironment which in turn regulates CSC microRNA networks as illustrated in Fig. 1b . The existence of alternative CSC states provides an explanation for how these cells promote tumor invasion as well as growth at metastatic sites. For example, it has been shown that bladder cancer cells selected for bone metastatic competence are overtly epithelial as compared to their parental cells [54] . Similarly, human breast cancer, liver, lung and brain metastasis often express more E-cadherin than their corresponding primary tumors [55, 56] . Previous studies together with our current work suggests a model (Fig. 2) in which CSCs located inside the tumor mass exist predominantly in the MET state in which they are highly proliferative and express ALDH, in contrast at the tumor invasive front. Factors such as TGF-β in the microenvironment induce EMT in the CSC populations. The population which is characterized as CD24 -CD44
+ is highly invasive and mediates tumor invastion and metastasis. The association of EMT and invasion is supported by our studies demonstrating that downregulation of mir-93 using a mirZIP vector or upregulation of mir-100 increases the invasiveness of cancer cells. Highly invasive EMT/CSCs enter the circulation and travel to distant organs where they form micrometastasis [8] . This scenario is supported by studies showing that in women with breast cancer, bone micrometastasis express CSC markers such as CD24 -
CD44
+ as well as EMT markers such as vimentin [57] . These micrometastasis are largely quiescent as indicated by their lack of expression of markers of cellular proliferation such as Ki67 [46] . In order to enter a proliferative state, EMT/ CSC cells must undergo an MET transition in which they lose their invasive characteristics and acquire self-renewal capacity. Self-renewing MET/CSCs in turn drive tumor growth at metastatic sites. In this model, the balance of EMT/MET states of CSCs regulated by miRNAs plays an important role in mediating tumor invasion and metastasis, as well as maintaining tumor dormancy or promoting tumor growth at metastatic sites.
Conclusions
The ability of CSCs to exist in alternative EMT and MET states, the transition of which is regulated by the microenvironment and mediated by miRNAs has important implications for understanding the role of the cells carcinogenesis, invasion and metastasis. In addition, the existence of alternative CSC states, associated with expression of different protein markers has important implications for understanding the plasticity of CSCs. For example, it has been claimed that CSCs may be generated from non-CSC tumor populations through induction of EMT [45] . However, the existence of alternative CSC states suggests that the acquisition of stem cell markers may reflect transition of CSC states rather than generation of CSCs from non-CSC populations. Future experiments will need to determine the spectrum of cells capable of acquiring an EMT/ CSC phenotype. In addition, the existence of multiple stem cell states suggests the necessity of developing therapeutic strategies capable of effectively targeting CSCs in all of these states. Dysregulation of microRNAs has been implicated in tumor development and microRNAs plays important roles in regulating cancer stem cells. Since CSCs have been shown to be involved in tumor initiation, tumor maintenance, metastasis, and therapeutic resistance, the regulation of microRNA networks in CSCs may provide novel therapeutic targets.
Invasive Edge of Tumor
Proliferation Zone However, the use of miRNAs as therapeutic agents poses a number of technical challenges, such as how to achieve efficient systemic delivery. Because, in theory, each CSC has the potential to generate a tumor, prevention of tumor recurrence would require the successful targeting of all CSCs. The existence of multiple CSC states also has important therapeutic implications, since CSCs in these states may respond differently to therapeutic agents. Nevertheless, the complexity of regulatory pathways in CSCs, as well as the heterogeneity of these cell populations, suggests that it may be necessary to combine multiple CSC-targeting agents to eliminate all CSC populations and thus improve the outcome for cancer patients.
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